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Leptin acts on energy metabolism and plays a role in
skin repair and in the modulation of cellular redox
balance as well. Here, we investigated the e¡ects of
leptin on the redox homeostasis in keratinocytes, by
evaluating reactive oxygen species (ROS) generation,
glutathione content, antioxidant enzymes, activating
protein 1 (AP-1) activity, and expression of AP-1-de-
pendent, di¡erentiation-speci¢c genes. We also evalu-
ated the systems involved in the maintenance of a
positive ascorbate/dehydroascorbate ratio, i.e., transport
and recycling. Leptin altered the keratinocyte redox
state, as evident by enhanced ROS generation, oxi-
dized/reduced glutathione ratio, and AP-1 activity. Still,
this phenomenon was temporary. Indeed, we found an
adaptive response, as demonstrated by an early induction
of catalase and a late induction of speci¢c dehydroas-
corbate reductase activities. In particular, leptin-treated
cells showed an increased ability to reduce dehydro-
ascorbate, both in a NADH, lipoic acid- and in a
NADPH, thioredoxin-dependent manner. Our results
show that leptin may induce adaptation to oxidative
stress in skin, leading to an improved vitamin C home-
ostasis. Key words: redox state/AP-1/dehydroascorbate reduc-
tases. J Invest Dermatol 121:786 ^793, 2003
L
eptin, the product of ob gene, is a small peptide hor-
mone produced mostly in adipose tissue, which acts
in the hypothalamus to inhibit food intake and in-
crease energy expenditure (Zhang et al, 1994). The
leptin receptor (Ob-Rb) is expressed in the central
nervous system, as well as in peripheral tissues. In accordance
with the distribution of its receptor, leptin exerts several impor-
tant metabolic e¡ects in pancreatic islets and liver, hematopoietic,
renal, and intestinal cells (Gainsford et al, 1996; Emilsson et al,
1997;Wang et al, 1997; Stan et al, 2001;Wolf et al, 2002). In addi-
tion, it has recently been reported that leptin action is targeted
also toward the epithelial compartment, where it has been shown
to play an important role during skin repair. Indeed, leptin ad-
ministration improves reepithelialization of excisional wounds
in leptin-de¢cient ob/ob mice and accelerates normal wound
healing in wild-type mice (Frank et al, 2000; Ring et al, 2000).
Skin repair is a complex process in which the cellular antioxi-
dant state plays a crucial role. An increased production of reactive
oxygen species (ROS) and a large oxidation of ascorbic acid (AA)
usually accompany wound healing (Kim et al, 1994). Vitamin C
supplementation has been proven to facilitate wound healing in
humans (Silverstein and Landsman, 1999) and to improve the epi-
dermal barrier function in human keratinocytes (Uchida et al,
2001). Epidermal keratinocytes possess very e⁄cient systems to
maintain high levels of intracellular AA, which is accumulated
in millimolar concentrations.Vitamin C is imported inside kera-
tinocytes both in the reduced and in the oxidized forms, through
speci¢c transporters, and it is maintained in the reduced form by
several enzymatic systems (Savini et al, 1999; Savini et al, 2000).
Furthermore, recent studies from our laboratory have provided
evidence that vitamin C plays di¡erent biochemical functions in
keratinocytes, by modulating the activity of the transcription fac-
tor activating protein 1 (AP-1). First of all, AA can act as protec-
tive agent by antagonizing the expression of UV-B-induced,
AP-1-regulated genes (Savini et al, 1999; Catani et al, 2001). Second,
vitamin C exerts prodi¡erentiating e¡ects through the protein ki-
nase C-dependent induction of AP-1 activity, which in turn in-
creases the expression of marker genes of the corni¢ed envelope
(Savini et al, 2002).
Leptin may also have a role in modulating the cellular redox
balance. In endothelial cells, hyperleptinemia is associated with
an increased oxidative stress (Bouloumie et al, 1999), and it has
been demonstrated that leptin induces ROS generation by in-
creasing fatty acid oxidation (Yamagishi et al, 2001). On the other
hand, leptin modulates the activity of several antioxidant en-
zymes: leptin supplementation restores defective antioxidant ac-
tivities (including plasma and erythrocyte glutathione peroxidase
(GPx) and erythrocyte copper/zinc superoxide dismutase (SOD))
in patients with leptin gene mutation (Ozata et al, 2000).
On the basis of these ¢ndings, we wondered whether leptin
could modulate the cellular redox state of keratinocytes and, in
particular, vitamin C homeostasis. We used, as an experimental
model, the human nontumoral HaCaT keratinocyte cell line
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(Boukamp et al, 1988), which expresses the functional leptin
receptor Ob-Rb (Stallmeyer et al, 2001). To study the e¡ect of
leptin on the cellular redox balance, we investigated (1) the intra-
cellular ROS production; (2) the intracellular glutathione con-
tent; (3) the DNA-binding activity of the redox-sensitive
transcription factor AP-1 and the expression of di¡erentiation-
speci¢c genes that are under the control of AP-1; (4) the transport
and recycling of vitamin C; and (5) the activity of classical anti-
oxidative enzymes, including catalase, GPx, and SOD.
MATERIALS AND METHODS
Reagents Dehydroascorbic acid (DHA) was obtained from ICN
(Aurora, OH). Magnesium ascorbic acid-2 phosphate was obtained from
Wako Pure Chemical Industries (Neuss, Germany). [g-33P]ATP and
[a-33P]dCTP were purchased from Amersham (Arlington Heights, IL).
Human recombinant leptin and all the other reagents, unless otherwise
indicated, were from Sigma Chemical Co. (St. Louis, MO).
Cell cultures HaCaT cells were provided by N.E. Fusenig (German
Cancer Research Center, Heidelberg, Germany) and were grown in a 1:1
mixture of minimal essential medium and Ham’s F12 medium (Gibco)
supplemented with 10% (vol/vol) heat-inactivated fetal calf serum
(HyClone, Oud-Beijerland, Holland), 1.2 g per L Na-bicarbonate, 1%
(vol/vol) nonessential amino acids, and 15 mM HEPES, at 371C with 5%
CO2 in a humidi¢ed atmosphere. No antibiotics were used. Cells were
split 1:6 twice weekly and fed 24 h before each experiment.
Intracellular ROS Intracellular ROS generation was measured by using
the £uorescent probe 5-(and-6)-chloromethyl-20,70-dichlorodihydro-
£uorescein diacetate, acetyl ester (CM-H2DCFDA; Molecular Probes Inc.,
Eugene, OR). Cells were treated with 100 ng per mL leptin for di¡erent
incubation times and then incubated with 10 mM CM-H2DCFDA for
20 min at 371C in the dark. Radical formation was assessed by £ow
cytometry in a FACSCalibur £ow cytometer (Becton Dickinson, San
Jose, CA). CM-H2DCFDA mean £uorescence was registered at 530 nm
(bandwidth 30 nm) exciting at 488 nm using a 15-mW argon laser. Ten
thousand events were evaluated for every analysis.
When appropriate, inhibitors of electron transport were added to culture
medium, to de¢ne the sites of ROS production. Rotenone (5 mM) and
antimycin A (0.2 mM) inhibit complexes I and III, respectively, whereas
carbonyl cyanide m-chlorophenylhydrazone (0.5 mM) leads to uncoupling
of the respiratory chain from ATP synthesis. Indomethacin (20 mM,
inhibitor of cyclooxygenase), 5,8,11,14-eicosatetraynoic acid (20 mM,
inhibitor of lipoxygenase), and 1-aminobenzotriazole (50 mM, inhibitor of
cytochrome P450) were also used.
Mitochondrial analysis Mitochondrial mass and function were assessed
by £ow cytometry using 5,50,6,60 -tetrachloro-1,1,3,30 -tetraethylbenzimidazol-
carbocyanine iodide (JC-1; Molecular Probes) staining. This mitochondrial
dye can exist either as monomer or as dimer, depending on transmembrane
potential, and the two di¡erent con¢gurations show di¡erent £uorescence
emissions. Thus, JC-1 staining allows the simultaneous analysis of
mitochondrial mass (by measuring the green £uorescence, corresponding
to JC-1 monomers) and potential (by measuring the red £uorescence,
corresponding to JC-1 aggregates). After treatments, cells were trypsinized
and incubated with 10 mM JC-1 for 20 min at 371C before £ow analysis.
Electrophoretic mobility shift assay Mobility shift experiments were
performed as previously described (Schreiber et al, 1989; Lee et al, 1996). The
oligonucleotides were AP-1 consensus CGCTTGATGAGTCAGCCGGAA
and AP-1mutant CGCTTGATTAGTTAGCCGGAA.The complexes were
resolved on nondenaturing 6% (wt/vol) polyacrylamide gels in 0.5TBE
bu¡er for 1 h at 14 V per cm and autoradiographed overnight.
RT-PCR Two million HaCaT cells were used to isolate total RNA by
Trizol (Gibco). Ampli¢cation of sodium-dependent ascorbate transporters
(hSVCT1 and hSVCT2),TGase 1, loricrin, and 18S rRNAwere performed
as described (Savini et al, 2002). As control of di¡erentiation, we used
HaCaT cells treated, for 3 days, with the classical inducer phorbol myristate
acetate (10 ng/mL).
For ampli¢cation of cytosolic thioredoxin reductase (TrxR), 1 mg of total
RNA was reverse-transcribed using the Superscript preampli¢cation
system and oligo(dT) primer (Gibco), following the manufacturer’s
instructions; 10% of the ¢rst strand reaction was then PCR-ampli¢ed.
Control reactions were performed to ensure complete removal of DNA
and exponential ampli¢cation of mRNA. PCR was carried out in the
presence of 3 mCi of [a-33P]dCTP. The ampli¢cation parameters were as
follows: 941C 30 s, 561C 30 s, and 681C 2 min. Linear ampli¢cation was
observed after 20 cycles. Twenty microliters of the reaction was
electrophoresed on a 6% (wt/vol) polyacrylamide gel, which was then
dried and autoradiographed. The primers, which did not cross-react with
the mitochondrial isoform of TrxR, were as follows: TrxR (þ )
50 -TACGGTGATGCTGGCAATAGG-30 and TrxR (^) 50 -TGGTCAGT-
CCACATTTGAGCG-30.
Western blot After treatment, cells were resuspended in lysis bu¡er
(25 mM Tris^HCl, pH 8.0, 1 mM EDTA, 0.5% SDS) and sonicated.
Total proteins (10^20 mg) were subjected to SDS^PAGE on a 10%
polyacrylamide gel and electroblotted onto a PVDF membrane. Blots
were blocked with 5% nonfat dry milk (Bio-Rad, Hercules, CA)
and then incubated with anti-keratin 1 primary antibody (Babco, Tucson,
AZ). After washings and incubation with the horseradish peroxidase-
conjugated secondary antibody, detection was carried out with ECL
(Amersham).
Glutathione content Intracellular reduced (GSH) and oxidized (GSSG)
glutathione content was quanti¢ed by a 5,50 -dithiobis(2-nitrobenzoic
acid)^glutathione reductase recycling assay, according to the method of
Anderson (1985). GSSG was selectively measured in samples where GSH
was masked by pretreatment with 2-vinylpyridine.
Subcellular fractionation Subcellular fractions were obtained as
previously described (Savini et al, 1999). Mitochondrial fraction was
typically enriched 12.3-fold over the whole homogenate, as assessed by
analysis of cytochrome c oxidase activity (Storrie and Madden, 1990).
AA and DHA uptake Intracellular AA content was measured by using
HPLC with UVdetection at 265-nm wavelength, i.e., the absorbance peak
of AA, as described (Savini et al, 2000). Brie£y, 2.5106 cells were
incubated in transport medium (5 mM KCl, 1.9 mM KH2PO4, 5.5 mM
glucose, 0.3 mM MgSO4, 1 mM MgCl2, 0.3 mM CaCl2, 10 mM Hepes,
147 mM NaCl, 1.1 mM Na2HPO4, pH 7.4) containing the stable vitamin
C derivative ascorbic acid-2 phosphate or DHA. After incubation, AA
was extracted and analyzed.
Deoxyglucose (DOG) uptake was carried out by scintillation
spectrometry measurements, 8  105 cells in 9-cm2 dishes were incubated
in 300 mL of transport medium. In time-dependent experiments, 0.2 mCi of
[1, 2-3H]2-DOG (50 Ci/mmol) and 0.3 mM of the respective unlabeled
compound was used. At ¢xed intervals, cells were harvested, lyzed, and
assayed by liquid scintillation spectrometry as described (Savini et al,
2000). For accumulation studies, cells were incubated for 30 min with 0.2
mCi [1, 2-3H]2-DOG and adequate concentrations (0^3.5 mM) of the
respective unlabeled compound.
Enzymatic activities DHA reductase activities were measured at 371C
after incubation of cell homogenates with 1 mM DHA for 20 min in 50
mM Tris^HCl, pH 7.5, containing 1 mM EDTA. The 20-min period was
chosen as DHA degradation was minimal and DHA reduction rate was
linear with time. After incubation and precipitation of proteins by
methanol, ascorbate content was evaluated by HPLC. The basal DHA
reductase activity (i.e., measured in absence of exogenous cofactors) was
calculated after correction for nonenzymatic reduction of DHA by a
concentration of GSH corresponding to its cellular content. The
contribution of single DHA reductase activities was measured in cell
homogenates or subcellular fractions after overnight dialysis to remove
endogenous cofactors such as glutathione and pyridine nucleotides. To test
di¡erent DHA reductase activities single cofactors (NADPH plus GSH,
NADPH plus thioredoxin, and NADH plus lipoic acid) were added to
the reaction mixture. Ascorbyl free radical (AFR) reductase activity was
measured spectrophotometrically, through the rate of ascorbate free
radical-dependent oxidation of NADH, by monitoring the decrease in
340-nm absorbance (E¼ 6.2 mM^1 cm^1) at 251C (Savini et al, 1999).
Corrections were made for direct oxidation of NADH by homogenates.
The assay mixture contained 0.05 mM Tris^HCl bu¡er, pH 7.8, 1 mM
EDTA, 0.1 mM NADH, 1 mM ascorbate and aliquots of each sample.
The reaction was started by adding 0.28 U of ascorbate oxidase to
generate ascorbate free radical. Transmembrane AFR reductase activity
was measured as previously described, by monitoring at 265 nm the
prevention of ascorbate autoxidation in the presence or in the absence of
cells (Savini et al, 1998).
TrxR activity was assessed by the insulin-reducing assay (Holmgren and
Bjornstedt, 1995). Brie£y, samples were incubated in a ¢nal volume of 120
mL containing 0.12 M HEPES/Tris bu¡er, pH 7.0, 3.4 mM EDTA, 0.85 mM
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NADPH, 30 mM thioredoxin, and 0.35 mM insulin. After 20 min of
incubation at 371C, the reaction was stopped by adding 0.5 mL of 6 M
guanidine hydrochloride in 0.2 M Tris/HCl, pH 8.0, containing 10 mM
EDTA and 1 mM 5, 50 -dithiobis(2-nitrobenzoic acid). Reduced insulin
formation was followed by the increase of absorbance at 412 nm.
Lipoamide dehydrogenase activity was assessed according to Berger et al
(1996) in 50 mM potassium phosphate bu¡er, pH 6.5, containing 1 mM
EDTA and 0.3 mM NADH. Following addition of 2 mM lipoamide,
the oxidation of NADH was monitored by the decrease in 340 nm
absorbance.
Manganese and copper/zinc SOD activities were determined according
to the method of Crapo et al (1978), by monitoring the inhibition of
reduction of cytochrome c in a coupled system with xanthine and
xanthine oxidase. The speci¢c inhibition of copper/zinc SOD by 9 mM
potassium thiocyanate allows manganese determination by the same
procedure. Catalase activity was measured by monitoring the decompo-
sition of H2O2 at 240 nm (Aebi, 1984). GPx activity was measured
according to Del Maestro and McDonald (1985) using tert-butylhydro-
peroxide as the substrate. This was achieved by following the decrease in
NADPH concentration at 340 nm over time.
Statistics and kinetics calculations Statistical analysis of means7SD
was conducted with the program Stat View 4.02 for Macintosh (Abacus
Concepts Inc., Berkeley, CA).
RESULTS AND DISCUSSION
E¡ects of leptin on ROS generation To evaluate the e¡ect of
leptin supplementation on the cellular redox state, we measured
intracellular ROS production. Compared with untreated cells,
leptin increased ROS levels by about 3.8-fold at 1-h incubation.
This was a transient phenomenon, because at 24 h, ROS
generation was decreased to 1.8-fold over control cells and, at 72
h, it returned close to the original basal level (Fig 1a). Because
ROS can raise from mitochondria, lipoxygenase, cyclooxy-
genase, or microsomal systems, we investigated the sites of ROS
production, by treating cells with inhibitors associated with the
di¡erent systems. All the inhibitors were preincubated with cells
for 20 min before leptin administration and were still present
during the 1-h incubation with the hormone. Mitochondrial
energy metabolism seemed to be the main ROS generator,
because we found reduced levels of ROS in HaCaT cells
incubated with leptin and inhibitors of electron transport (Fig
1b). The strongest blocking was observed with rotenone (an
Figure1. Leptin induces transient oxidative stress. (a) Generation of
intracellular peroxides after leptin supplementation. HaCaTcells were incu-
bated with 100 ng per mL leptin for the indicated times and peroxides gen-
eration was assessed by £ow cytometry, using CM-H2DCFDA as probe
(see Materials and Methods for details). The graph is representative of three
independent experiments. Gray peak, untreated cells; green line, cells incu-
bated with leptin for 1 h; red line, cells incubated with leptin for 24 h; blue
line, cells incubated with leptin for 72 h. (b) Intracellular accumulation of
peroxides in the absence/presence of leptin and the e¡ects of di¡erent
drugs. Cells were incubated for 1 h with (or without) 100 ng per mL leptin,
alone or in combination with 5 mM rotenone (R), 0.2 mM antimycin A (A),
0.5 mM carbonyl cyanide m-chlorophenylhydrazone (C), 20 mM 5,8,11,14-
eicosatetraynoic acid (E), 20 mM indomethacin (I), or 50 mM 1-aminoben-
zotriazole (AB). CM-H2DCFDA £uorescence is reported as percentage
over untreated cells, arbitrarily set to 100%. Results are means 7 SE of
three independent experiments. po 0.001 versus leptin-treated cells and
po0.05 versus leptin-treated cells (one-way ANOVA followed by Tu-
key^Kramer multiple comparisons test). (c,d) Mitochondrial potential of
HaCaT cells. Cells were stained with 10 mM JC-1 and the £uorescence was
measured by FACS analysis. The £uorescence of JC-1 aggregates (FL2-H)
decreased after leptin treatment (d) with respect to untreated cells (c). The
percentage of cells, whose mitochondria lost the trans intermembrane-po-
tential, is reported in the bottom right gate (JC-1monomers). The ¢gure is
representative of three independent experiments.
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inhibitor of complex I) and antimycin A (inhibitor of complex
III) (Fig 1b). Indeed, in the presence of rotenone or antimycin
A, ROS were reduced to basal levels. Inhibition of ROS
generation was also a¡orded by the third compound (carbonyl
cyanide m-chlorophenylhydrazone; uncoupler of oxidative
phosphorylation), although it was less e¡ective: this was possibly
a result of the increase over control ROS level induced by the
drug alone (Fig 1b). An approximately 17% inhibition of leptin-
mediated ROS production was also obtained by 5,8,11,14-eicosa-
tetraynoic acid (inhibitor of lipoxygenase), whereas inhibitors of
the cyclooxygenase (indomethacin) and microsomal cytochrome
P450 (1-aminobenzotriazole) pathways had no e¡ect (Fig 1b).
Associated with increased mitochondrial ROS production, we
also found a signi¢cant decrease in the mitochondrial energetic
state (DCm).With respect to control cells (Fig 1c), leptin-treated
cells (Fig 1d) showed a decreased £uorescence of JC-1 aggregates
(FL2-H), as the mitochondrial intermembrane potential decrea-
sed. In the same time, the number of monomer-containing cells
(FL1-H) increased (quoted triangle gate).
E¡ects of leptin on glutathione content Because leptin
increases the oxidative status, and glutathione together with
vitamin C are the primary water-soluble antioxidants, we
investigated the glutathione stores in leptin-supplemented cells.
Although the total intracellular glutathione amount (1070.7
mM) remained unchanged, its GSSG-to-GSH ratio (1:10) was
increased by about 2-fold within the ¢rst hours of leptin
treatment. The observed increase was reduced to 1.3-fold over
untreated cells at 24 h and returned to normal levels at 48 and
72 h (Fig 2).
E¡ects of leptin on AP-1 activity To further investigate the
e¡ects of leptin on the cellular redox state, we measured the
DNA-binding activity of the redox-sensitive transcription factor
AP-1. Leptin was able to enhance the ability of nuclear extracts to
bind a speci¢c oligonucleotide containing an AP-1 responsive
site, in a time-dependent fashion. A relevant e¡ect could be seen
at 1 h of incubation; it was still evident at 24 h and it returned to
basal levels at 48 h (Fig 3a).
Because most biologic markers of di¡erentiating keratinocytes
are under the control of AP-1, we investigated them under leptin
treatment. The steady-state levels of mRNA transglutaminase-1
and loricrin were only slightly upregulated (Fig 3b). The protein
expression of the suprabasal 68-kDa keratin 1 was not modi-
¢ed by leptin (Fig 3c). These results were con¢rmed in primary
Figure 2. Leptin induces a transient increase in glutathione oxida-
tion. GSSG-to-GSH ratio of HaCaT cells treated with 100 ng per mL
leptin for di¡erent incubation times. po 0.001 versus control cells and
po 0.05 versus leptin-treated cells (1 h) (one-wayANOVA followed by
Tukey^Kramer multiple comparisons test).
Figure 3. Leptin enhances AP-1 activity without inducing di¡eren-
tiation. (a) Electrophoretic mobility shift assay of nuclear extracts puri¢ed
from HaCaT cells. Cells were grown in the absence (lane 1) or in the pre-
sence of 100 ng per mL leptin for the indicated incubation times (lanes 2^5).
Speci¢city controls consist of binding competition experiments with a 50-
fold molar excess of unlabeled consensus (lane 6) and mutated (lane 7) AP-1
oligonucleotide. The radiograph is representative of three independent ex-
periments. In bold is represented the densitometric analysis of autoradiogra-
phy: values are reported as fold over control (po0.001 vs. control cells),
arbitrarily set to 1. (b) Analysis by RT-PCR of di¡erentiation-speci¢c mar-
kers. HaCaT cells were left untreated (lane 1) or treated with the inducer
either of di¡erentiation phorbol myristate acetate (lane 2) or leptin (lane 3).
Total RNAwas reverse-transcribed and ampli¢ed with either TGase1- (top)
or loricrin- (middle) speci¢c primers, as well as primers speci¢c for the 18S
rRNA (bottom) as a loading control. Blots are representative of three inde-
pendent experiments. In bold are represented the densitometric analysis of
autoradiographies: values are reported as fold over control, arbitrarily set to
1, after normalization with 18S rRNA (po0.001 and 0.05 vs. control cells
for phorbol myristate acetate- and leptin-treated cells, respectively). (c)
Western blot analysis of di¡erentiation-speci¢c keratins. Cells were grown
as above and cellular extracts were puri¢ed and immunoblotted with anti-
keratin 1 antibody. The blot is representative of three similar experiments.
Densitometric analysis of the blot is represented in bold: the band intensity
of untreated cells was arbitrarily set to 1 (po0.001 and 0.05 vs. control cells
for phorbol myristate acetate- and leptin-treated cells, respectively).
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normal human keratinocytes (data not shown). Thus, the
transient induction of AP-1 was not su⁄cient to promote
di¡erentiation.
E¡ects of leptin on AA and DHA transport Human
keratinocytes transport the reduced and oxidized forms of
vitamin C intracellularly through two di¡erent systems: a Naþ -
dependent cotransporter for AA and a facilitative glucose
transporter for DHA (Savini et al, 2000).
Leptin did not a¡ect AA transport at any time of supple-
mentation. Indeed, both time^course and dose^response studies
showed superimposed curves (Fig 4a). In agreement with this
result, transcription of both sodium-dependent ascorbate trans-
porters hSVCT1 and hSVCT2 was not a¡ected by leptin supple-
mentation, as assessed by RT-PCR analysis (Fig 4a, inset).
On the other hand, DHA uptake increased after leptin
treatment. This was evident at 48 h and further enhanced at 72
h. On the basis of these ¢ndings, we carried out time-dependent
and dose^response curves on DHA uptake in HaCaT cells
supplemented with leptin for 72 h. Leptin-supplemented cells
showed a higher AA content with respect to control cells, after a
30-min incubation with DHA (Fig 4c,d). At the time of
maximum accumulation, DHA uptake re£ects both its transport
and its reduction to AA inside cells (Vera et al, 1995). Thus, the
transport e⁄ciency was evaluated by performing rapid uptake
experiments (up to 5 min) because under these conditions DHA
reduction was not the rate-limiting step. Under these
experimental conditions, leptin had no e¡ect on DHA transport
(data not shown). The ¢nding that leptin did not act on DHA
transport was further con¢rmed by measuring the activity of
facilitative glucose transporters: as expected, deoxyglucose trans-
port remained unchanged after leptin supplementation (Fig 4b).
These results indicated that the improved ability of leptin-
supplemented cells to accumulate AA should be only due to
enhanced vitamin C recycling.
E¡ects of leptin on vitamin C recycling In mammalian cells,
vitamin C is maintained in the reduced form by di¡erent
mechanisms. DHA can be reduced to AA by cytosolic and
mitochondrial reductases (NADPH), GSH-dependent such as
glutaredoxin, protein disul¢de-isomerase (Wells et al, 1990), GPx
(Washburn and Wells, 1999), NADH, lipoic acid-dependent
lipoamide dehydrogenase (Xu and Wells, 1996), and NADPH-
dependent TrxR (May et al, 1997), whereas AFR is reduced to
AA by plasma membrane, mitochondrial, and microsomal
AFR-reductases (Savini et al, 2000).
Figure 4. Leptin enhances DHA uptake, without in£uencing DHA
and AA transport. (a) Time-dependent uptake of AA by HaCaT cells.
Control cells (closed symbols) and keratinocytes treated with 100 ng per mL
leptin for 72 h (open symbols) were incubated with 50 mM AA for the indi-
cated times. Values are means of two independent experiments, each one
performed in triplicate. (Inset) RT-PCR analysis of total RNA isolated
from HaCaTcells grown in the presence or absence of leptin for 72 h.Total
RNAwas reverse-transcribed and ampli¢ed with either hSVCT1- (top) or
hSVCT2- (bottom) speci¢c primers. (b) Concentration-dependent uptake of
DOG by HaCaT cells. Control cells (closed symbols) and keratinocytes trea-
ted with 100 ng per mL leptin for 72 h (open symbols) were incubated with
increasing concentrations of [1,2-3H]2-DOG for 30 min.Values are means
of two independent experiments, each one performed in triplicate. (c)
Time-dependent uptake of DHA by HaCaT cells. Control cells (closed sym-
bols) and keratinocytes treated with 100 ng per mL leptin for 72 h (open
symbols) were incubated with 50 mM DHA for the indicated times. Values
are means of three independent experiments. (d) Concentration depen-
dence of DHA uptake by HaCaTcells. Cells treated as above (closed symbols,
untreated cells; open symbols, leptin-treated cells) were incubated with dif-
ferent concentrations of DHA (1 mM^5 mM) for 30 min.Values are means
of three independent experiments. po 0.001versus control cells (one-way
ANOVA followed byTukey^Kramer multiple comparison test).
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HaCaT cell homogenates showed a basal DHA reductase
activity (i.e., measured in the absence of exogenous cofactors) of
1.9 nmol per min per mg of protein, which was increased by
about 20% by leptin treatment (up to 72 h). As reported in
Table I, when the DHA reductase activity was measured in the
presence of cosubstrates required for the putative enzymatic
systems involved in this reaction, an increased activity was
observed both in the NADH, lipoic acid-dependent (269%) and
NADPH, thioredoxin-dependent systems (200%), whereas no
signi¢cant e¡ect was observed for the NADPH, GSH-
dependent activity. Leptin had no e¡ect on the ability of HaCaT
cells to reduce intermediate AFR; indeed, both intracellular and
transmembrane AFR reductase activities were unchanged (see
Table I). The induction of DHA reductase activity appeared
to be time-dependent, being comparable to the activity of
untreated cells after 1 and 24 h of supplementation and then
signi¢cantly increasing at 48 and 72 h.
TrxR is an ubiquitous enzyme found both in cytosolic
(isoform 1) and in mitochondrial (isoform 2) fractions of
eukaryotic cells (Rigobello et al, 1998; Soderberg et al, 1998),
whereas the NADH, lipoic acid-dependent DHA reductase
activity is mostly localized into mitochondria (Haramaki et al,
1997). To further evaluate the contribution of di¡erent DHA
reductase systems, we measured the enzymatic activity in the
cytosolic or mitochondrial fractions.
Both total (5.4 -fold over control) and speci¢c (3.5-fold over
control) NADH, lipoic acid-dependent activity of the mito-
chondrial fraction was enhanced by leptin compared to control
cells; in contract, the cytosolic activity was una¡ected (Fig 5a).
Comparable results were obtained when lipoamide dehydro-
genase activity was assessed by using lipoamide as substrate (data
not shown). In agreement with the increase in reductase activity,
an increase in mitochondrial mass was also observed, as assessed
Figure 5. Leptin speci¢cally improves cytosolic and mitochondrial
DHA reductase activities. (a) NADH, lipoic acid-dependent DHA
reductase activity in di¡erent subcellular fractions from untreated (white
columns) or leptin- (100 ng/mL for 72 h) treated cells (gray columns). In the
¢gure is represented a de Duve plot, where the amount of protein in each
fraction is plotted on the abscissa. The speci¢c activity can be calculated
from the bar height, whereas the total amount of activity in each fraction
can be read from the bar area.Values are means of four independent experi-
ments. See the legend toTable I for experimental details. po0.001 versus
control cells (one-wayANOVA followed byTukey^Kramer multiple com-
parisons test). (b) Mitochondrial mass in leptin-treated cells. HaCaT cells
were incubated with 100 ng per mL leptin for the indicated times, and
JC-1 green £uorescence (indicating the mitochondrial mass) was measured
by £ow cytometry. The £uorescence is reported as percentage over un-
treated cells. Results are means7SE of three independent experiments.
po 0.001 versus control cells (one-wayANOVA followed byTukey^Kra-
mer multiple comparisons test). (c) NADPH, thioredoxin-dependent DHA
reductase activity in di¡erent subcellular fractions from untreated- (white
columns) or leptin- (100 ng/mL for 72 h) treated cells (gray columns). In the
¢gure is represented a de Duve plot, where the amount of protein in each
fraction is plotted on the abscissa. The speci¢c activity can be calculated
from the bar height, whereas the total amount of activity in each fraction
can be read from the bar area.Values are means of four independent experi-
ments. See the legend toTable I for experimental details. po 0.001versus
control cells (one-wayANOVA followed byTukey^Kramer multiple com-
parisons test). (d) Analysis by RT-PCR of TrxR expression. HaCaT cells
were left untreated (lane 1) or treated with 100 ng per mL leptin for the
indicated incubation times (lanes 2^5). Total RNAwas reverse-transcribed
and ampli¢ed with primers speci¢c for the cytosolic isoform of the en-
zyme. The blot is representative of two independent experiments. In bold
is represented the densitometric analysis of autoradiography: values are re-
ported as fold over control, arbitrarily set to 1, after normalization with 18S
rRNA (po 0.001 vs. control cells).
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by either JC-1 green £uorescence (Fig 5b) or mitochondrial
protein content (data not shown).
Cytosolic NADPH, thioredoxin-dependent DHA reductase-
speci¢c activity showed a 2.3-fold increase after leptin treatment,
whereas the mitochondrial-speci¢c activity was less a¡ected (1.2-
fold over control), indicating that the hormone speci¢cally acts
on the cytosolic isoform (Fig 5c). Similar results were obtained
when TrxR activity was assessed by the insulin-reducing assay,
which is speci¢c for this enzyme (data not shown). Accordingly,
a time-dependent upregulation of TrxR expression was found
and this induction was speci¢c for the cytosolic isoform of the
enzyme (Fig 5d).
E¡ects of leptin on antioxidative enzymes activities We
performed analysis of other antioxidant systems potentially
involved in the adaptive response to leptin-induced ROS
generation. In particular, we measured SOD, catalase, and GPx
activities in HaCaT cells treated with leptin. The time-course
experiments clearly demonstrated that neither copper/zinc SOD,
manganese SOD, nor GPx activity activities changed after leptin
treatment. In contrast, catalase activity increased to 15-fold over
control cells at 24 h, but the induction was decreased to 5-fold
over control cells at 48 and 72 h (Table II).
CONCLUSION
Consistent with the knowledge that leptin may promote altera-
tions in the cellular redox state, we found that, in hormone-
supplemented keratinocytes, there was an increase in ROS pro-
duction, as demonstrated by FACS analysis and GSSG/GSH ratio.
ROS were mainly derived from the mitochondria. Indeed, ROS
generation was accompanied by a decrease in mitochondrial
membrane potential and an increase in mitochondrial mass.
Moreover, inhibitors of electron transport and uncouplers of oxi-
dative phosphorylation blocked the leptin-induced ROS produc-
tion. The increase in ROS levels was paralleled by an increase in
DNA-binding activity of the redox-sensitive factor AP-1. Never-
theless, this increase was transient, and at 48 h the return to basal
conditions did not allow cells to proceed toward di¡erentiation.
This event re£ected the induction of adaptive responses to leptin-
mediated ROS generation. Indeed, a brief exposure to leptin pro-
moted oxidative stress, but when the exposure was prolonged up
to 48 to 72 h, cells acquired an adapted phenotype. This adaptive
response was initially achieved by inducing catalase, which
reached a 15-fold induction at 24 h; indeed, catalase was able to
scavenge ROS, reducing their levels to 1.8-fold over control cells.
The adaptive response was further sustained by enhanced DHA
reduction ability and mitochondrial mass, which are molecular
events allowing human cells to cope with oxidative stress (Lee
et al, 2000; Garesseand andVallejo, 2001; Lykkesfeldt, 2002). Indeed,
as catalase activity decreased, DHA reduction ability increased
and this phenomenon completely rescued keratinocytes from
oxidative stress (return of ROS concentrations and GSSG/GSH
ratio to normal levels, after 48^72 h).
In mammalian cells, the enzymes involved in DHA reduction
di¡er, depending on cell type and metabolic requirements. In Ha-
CaT cells, the NADPH (thioredoxin-dependent) and the NADH
(lipoic acid-dependent) systems played a primary role, whereas
the GSH (NADPH-dependent) systems had only a secondary
role (Savini et al, 2000). Accordingly, leptin acted on DHA reduc-
tion both at the mitochondrial and at the cytosolic level. At mi-
tochondrial level, the e¡ect of leptin on the NADH, lipoic acid
system was further enhanced by the increase on mitochondrial
mass. At the cytosolic level, hormone supplementation increased
TrxR expression and activity. Our results are in keeping with the
Table I. E¡ect of leptin supplementation on enzymatic vitamin C recycling
Activities (nmol/min/mg protein)
DHA-reductase activities AFR-reductase activities
Sample Endogenousb
NADPH,
GSH-dependentc
NADH, lipoic
acid-dependentd
NADPH,
thioredoxin-dependente Intracellular Transmembrane
Control 1.970.07 3.670.1 1.370.05 3.870.1 18.070.7 40.071.6
Leptin 2.370.09 3.570.1 3.570.10 7.570.3 17.770.7 41.371.6
Note. Corrections for blanks were made when appropriate. Data are the mean of three independent experiments, each one performed in triplicate.
po0.001 versus control cells.
aAFR reductase activities were measure spectrophotometrically, through the rate of AFR-dependent oxidation of NADH.
bCorrections were made for nonenzymatic reduction of DHA by a concentration of GSH corresponding to its cellular content (2%^4% of the enzymatic activity). The
basal reaction mixture was composed of 50 mM Tris^HCl, pH 7.5, containing 1 mM DHA, 1 mM EDTA, and 0.2 mg of cell homogenate protein.
cNADPH, GSH-dependent DHA-reductase activity was measure in the presence of 0.4 mM NADPHþ 2 mM GSH.
dNADH, lipoic acid-dependent DHA-reductase activity was measure in the presence of 0.5 mM lipoic acidþ 0.4 mM NADH.
eNADPH, thioredoxin-dependent DHA-reductase activity was measure in the presence of 0.4 mM NADPHþ 6 mM thioredoxin.
Table II. E¡ect of leptin supplementation on antioxidative enzyme activities
Antioxidative enzyme (U/mg protein)
Sample Total SODa Manganese SODa Copper/zinc SODa GPxb Catalasec
Control Leptin 4.870.3 2.370.2 2.570.2 147.076.7 16.770.7
24 h 4.670.3 2.370.2 2.370.3 145.376.3 258.8710.3
48 h 4.770.3 2.370.2 2.470.2 144.876.5 96.073.8
72 h 4.470.3 2.170.2 2.370.2 146.276.6 84.673.4
Note. Enzymatic activities were measure as described under Materials and Methods. Data are the mean of three independent experiments, each one performed in
triplicate.
po0.001 versus control cells.
aOne unit of SOD activity is de¢ned as the amount of enzyme require to inhibit the rate of reduction of cytochrome c by 50% in a coupled system with xanthine and
xanthine oxidase.
bOne unit of GPx activity is de¢ned as the amount of the enzyme catalyzing the oxidation by tert-butylhydroperoxide of 1 mmol of GSH per minute.
cOne unit of catalase activity is de¢ned as the amount of the enzyme decomposing 1 mmol of H2O2 per minute.
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role played by this enzyme on the maintenance of the redox bal-
ance. Indeed, among the protective systems inducible under con-
ditions of oxidative stress adaptation, the TrxR has been proved
to be crucial in the skin compartment (Schallreuter and Wood,
2001).
Increased levels of ROS can induce compensation to oxidative
stress, by activating speci¢c enzymes for oxidant protection;
DHA reductase activities have been proved to be part of this in-
ducible mechanism.Thus, DHA reductase activation could repre-
sent an important skin defense mechanism against ROS
generation triggered by leptin. The induction of lipoamide dehy-
drogenase andTrxR allows a betterAA cellular accumulation con-
tributing to protection against oxidative stress. Under oxidative
conditions, an increased DHA-to-AA ratio has been shown
(Kim et al, 1994) and a low reductase activity would result in
vitamin C depletion through DHA leakage and/or degradation.
The leptin-mediated enhancement of DHA reductases allows
increased AA trapping and adequate intracellular concentrations
of this antioxidant vitamin.
In conclusion, we observed an adaptive response to leptin-in-
duced oxidative stress in human skin cells. Our results indicate
lipoamide dehydrogenase and TrxR, together with catalase, as
one of the inducible mediators in this adaptive process and impli-
cate ascorbate accumulation as a relevant stress-inducible antioxi-
dant mechanism in these cells. Defects in vitamin C recycling,
caused by hormone de¢ciency or resistance, might contribute to
impaired wound healing associated with obesity (Keller, 1999).
These adaptive responses may require further investigation, be-
cause the skin is continuously exposed to oxidative stress: the
phenomenon described here might be even more general than
leptin, allowing the maintenance of skin homeostasis.
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